Continuous-wave and time-resolved photoluminescence spectroscopies have been employed to study the band-edge transitions in GaN epitaxial layers grown by plasma assisted molecular beam epitaxy. In addition to the neutral-donor-bound exciton transition ͑the I 2 line͒, a transition line at about 83 meV below the band gap has been observed in an epitaxial layer grown under a lower plasma power or growth rate. This emission line has been assigned to the band-to-impurity transition resulting from the recombination between electrons bound to shallow donors and free holes (D 0 , h ϩ ). Systematic studies of these optical transitions have been carried out under different temperatures and excitation intensities. The temperature variation of the spectral peak position of the (D 0 , h ϩ ) emission line differs from the band gap variation with temperature, but is consistent with an existing theory for (D 0 , h ϩ ) transitions. The dynamic processes of the (D 0 , h ϩ ) transition have also been investigated and subnanosecond recombination lifetimes have been observed. The emission energy and the temperature dependencies of the recombination lifetime have been measured. These results have provided solid evidence for the assignment of the (D 0 , h ϩ ) transition and show that the motions of the free holes which participated in this transition are more or less restricted in the plane of the epitaxial layer at temperatures below 140 K and that the thermal quenching of the emission intensity of this transition is due to the dissociation of neutral donors. Our results show that time-resolved photoluminescence spectroscopy can be of immense value in understanding the optical recombination dynamics in GaN.
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I. INTRODUCTION
GaN and Al x Ga 1Ϫx N wide band gap semiconductors have been intensively studied [1] [2] [3] [4] [5] [6] recently for applications in two areas: ͑1͒ optical devices, including blue-UV lightemitting diodes ͑LED͒ and laser diodes. The fabrication of a GaN commercial blue LED with the highest luminosity reported to date is just one example; 7 ͑2͒ electronic devices, including devices which can operate in hostile environments such as high temperature and under high radiation doses and under extreme conditions such as high frequency and high power. One such example is the fabrication of Al x Ga 1Ϫx N/GaN metal-semiconductor field-effect transistors ͑MESFETs͒ with high cutoff frequencies for microwave and millimeter wave applications. 8, 9 In particular, because GaN and AlN form a continuous alloy system whose direct band gap at room temperature ranges from 3.4 to 6.2 eV, their applications for many novel optical devices are very promising.
There has been a considerable amount of research effort directed toward the understanding of the optical properties of GaN and Al x Ga 1Ϫx N. The band-edge luminescence from GaN crystals at low temperatures is known to consist of lines resulting from excitons ͑either free or bound excitons͒ and donor-to-acceptor ͑DAP͒ transitions. The identification of free and bound exciton and impurity transitions was made by Pankove et al. 10 Dingle et al., [11] [12] [13] and subsequently by many other researchers. 14 -20 Their work has provided a reasonable account of the optical properties of wurtzite GaN. However, many basic physical parameters, which are important in fundamental physics as well as in practical applications, are still unknown. In particular, the study of optical recombination dynamics in these materials are scarce. There is no doubt that the understanding of the carrier dynamics in GaN and Al x Ga 1Ϫx N can provide immense value in designing and optimizing optoelectronic devices based on the GaN system as well as in optimizing material growth conditions. This has been proven previously for materials such as GaAs and ZnSe.
Most recently, we have performed a series of studies on the dynamic processes of optical transitions in GaN epitaxial layers deposited by different techniques under different conditions. These include intrinsic exciton recombination in superior quality as well as high-purity epitaxial GaN layers deposited by the new molecular beam epitaxy ͑MBE͒ and metalorganic chemical vapor deposition ͑MOCVD͒ techniques, 21, 22 impurity-bound exciton recombination in n and p type layers deposited by MOCVD, 23 and a band-toimpurity recombination in n-type layers deposited earlier by plasma-assisted MBE. 24 In this work, the photoluminescence properties of the neutral-donor-bound exciton transition (I 2 ) and the band-to-impurity transition (D 0 , h ϩ ) in n-type GaN layers deposited by plasma-assisted MBE have been studied in detail by extending the measurement temperature range from 10 to 300 K and the excitation intensity variation by 3 orders of magnitude. The temperature dependence of the (D 0 , h ϩ ) emission intensity reveals the thermal quenching process of this transition line, which is related to ionization of neutral donors. The dynamics of this emission line have been investigated by time-resolved spectroscopy. The emission energy and temperature dependencies of the recombination lifetime have been measured. These results have provided solid evidence for the assignment of the (D 0 , h ϩ ) transition and show that the motions of the free holes which participated in this transition are more or less restricted in the plane of the epitaxial layer at temperatures below 140 K. Our results indicate that the shallow donor impurities involved in the (D 0 , h ϩ ) transition are different from the native donors of nitrogen vacancies and are not responsible for the high free electron concentrations in GaN.
II. EXPERIMENT
The wurtzite GaN samples used in the present work were grown by the plasma-assisted MBE described earlier on a sapphire ͑Al 2 O 3 ͒ substrate with a 50 nm AlN buffer layer. 24 The substrate temperature during the growth was 750°C. An electron cyclotron resonance ͑ECR͒ source provided the reactive nitrogen while Ga and Al were evaporated using conventional effusion cells. Sample A was grown under a microwave plasma power of 120 W and has a room temperature electron concentration ͑n͒ of about 10 18 cm Ϫ3 and mobility of about 150 cm 2 /V s as determined by Hall measurement. Sample B was grown under a lower microwave plasma power of 70 W at a lower growth rate than sample A and has a room temperature electron concentration of about 2.6ϫ10 17 
cm
Ϫ3 and mobility of about 10 cm 2 /V s. In sample A, the dominant emission line was associated with the recombination of the neutral-donor-bound exciton ͑the I 2 line͒. In sample B, in addition to the I 2 line, there were two other emission lines near 3.420 and 3.338 eV. The growth conditions, sample parameters obtained at room temperature, and the dominant low temperature emission lines of these two samples have been summarized in Table I .
For photoluminescence measurements, samples were attached to copper sample holders and placed inside a closedcycle He refrigerator with a temperature variation from 10 to 320 K. A temperature controller enabled us to stabilize the temperature to within 0.1 K. Photoluminescence spectra were collected in a reflecting mode. Excitation pulses of about 7 ps at a repetition rate of 9.5 MHz were provided by a cavity-dumped dye laser ͑Coherent 702-2CD͒ with Rhodamine 6G dye solution, which was pumped by a yttrium-aluminum-garnet ͑YAG͒ laser ͑Coherent Antares 76͒ with a frequency doubler. The output from the dye laser was frequency doubled again by a second frequency doubler to provide tunability in the UV region. The laser output after the second doubler has an average power of about 20 mW, a tunable photon energy up to 4.5 eV, and a spectral width of about 0.2 meV. The laser beam size on the sample was about 0.5 mm in diameter. A single-photon counting detection system was used to record the time-resolved photoluminescence spectra. With the use of a deconvolution technique developed by Photon Technology International Inc. ͑PTI͒, the overall time resolution of the detection system was about 50 ps. The excitation intensity was controlled by a set of UV neutral density filters with different attenuation parameters D, and was thus proportional to 10 ϪD .
III. RESULTS AND DISCUSSION
A. cw spectra 1. The I 2 transition Figure 1 shows cw emission spectra of sample A ͑nϭ10 18 cm
Ϫ3
͒ measured at three representative temperatures, showing one dominant emission line at 3.474 eV at 10 K. The energy position of this emission line is consistent with the transition of excitons bound to neutral donors associated with nitrogen vacancies (D 0 , X) or the I 2 transition line. 2, 3 The energy position of the I 2 transition depends slightly on the sample. Different values from 3.470 to 3.476 eV have been reported, which may be related to sample quality, such as impurity concentration and interface morphology. The full width at half-maximum ͑FWHM͒ of the I 2 emission line at Tϭ10 K is about 7 meV which indicates that the sample under investigation is of relatively high crystalline quality. For the luminescence spectrum measured at Tϭ10 K, there is a weak peak at about 3.42 eV. The origin of this transition peak will be discussed together with the results obtained from sample B, in which the emission intensity of this transition line is much enhanced. The inset of Fig. 1 shows the excitation intensity dependence of the integrated intensity of the I 2 transition.
The observed I 2 spectral peak position shift with temperature is due to the energy gap variation with temperature. We have plotted the temperature dependence of the I 2 peak position as shown in Fig. 2 . The overall feature obtained here is consistent with previous results. 10, 20 Since the energy difference between the I 2 and the energy gap should be independent of temperature, the temperature dependence of the I 2 peak position can be fitted by the temperature dependence of the energy gap by using the empirical equation,
where E 0 (0) is the I 2 transition energy at Tϭ0 K and ␣ and ␤ are constants referred to as Varshni thermal coefficients. The solid curve in Fig. 2 is the least-squares fit of data by using Eq. ͑1͒. The fitted values are E 0 (0)ϭ3.475 eV, ␣ ϭ7.06ϫ10 Ϫ4 eV/K, and ␤ϭ1.06ϫ10 3 K. The FWHM of the I 2 emission line also increases with an increase of temperature, which is due to increased exciton-phonon interactions at higher temperatures. In the inset of Fig. 2 , we have plotted the FWHM of the I 2 emission line, ⌫, as a function of temperature, which shows that ⌫ increases linearly with temperature. The temperature dependence of the emission linewidth caused by exciton-phonon interactions has the form 25, 26 ⌫͑T ͒ϭ⌫ 0 ϩ␥ LA Tϩ␥ LO /͓exp͑E LO /kT͒Ϫ1͔. ͑2͒
The second and third terms in Eq. ͑2͒ are due to the interaction of excitons with the longitudinal acoustic ͑LA͒ and longitudinal optical ͑LO͒ phonon modes of the lattice. ␥ LA and ␥ LO are, respectively, the LA coefficient and the LO linewidth parameters, E LO is the LO phonon energy of GaN, and ⌫ 0 is the linewidth at Tϭ0 K, which correlates with the concentration of inhomogeneities or impurities in the sample. The linear behavior shown in the inset of Fig. 2 implies that the exciton-LA phonon interaction dominates in GaN at temperatures above 40 K, due to the large value of LO phonon energy, E LO , in GaN ͑about 92 meV͒. By neglecting exciton-LO phonon interactions, Eq. ͑2͒ can be reduced to,
The solid line in the inset is the least-squares fit of data using Eq. ͑3͒ and the fitted values are ⌫ 0 ϭ5 meV and ␥ LA ϭ0.16 meV/K. Thus the results show clearly that the I 2 emission linewidth broadening in MBE grown samples is predominantly determined by acoustic phonon scattering at temperatures above 40 K.
Band-to-impurity (D 0 ,h ؉ ) transitions
We have also studied the photoluminescence properties of a second sample ͑B͒, which was grown at a lower growth rate and has a lower electron mobility than sample A. In Fig.  3 , we have plotted the cw luminescence spectra of sample B obtained at 10 K for four different excitation intensities, which shows the I 2 along with two additional emission lines at about 3.42 and 3.34 eV. Each spectrum in Fig. 3 has been normalized to its maximum emission intensity either near 3.42 eV or at the I 2 emission peak position. The spectral peak position of the emission line at around 3.42 eV varies from 3.414 to 3.422 eV depending on excitation intensity ͒ measured at three representative temperatures, which shows that the dominant emission is the I 2 line due to the recombination of excitons bound to neutral donors with the peak position at 3.475 eV at Tϭ10 K. A weak peak at about 3.42 eV at Tϭ10 K is due to band-to-impurity transition ͑D 0 , h ϩ ). The inset shows the excitation light intensity ͑I exc ͒ dependence of the I 2 intensity measured at 10 K. I exc is proportional to 10 ϪD with D being the neutral density filter attenuated parameter. Excitation photon energy was 4.26 eV. and is very close to that of an emission band ͑at about 3.424 eV͒ associated with the presence of oxygen impurities reported previously by Chung et al. 19 There, the intensity of this emission band was found to be strongly dependent on the oxygen implantation dosage. It has been pointed out that oxygen impurities may also act as substitutional donors. 19, 27 In the case presented here, the 3.42 eV transition could be associated with the presence of other substitutional donors as well, which would show up at about the same energy position. We have assigned the emission band near 3.42 eV to the recombination between electrons bound to substitutional donor impurities and free holes, the band to impurity, or the (D 0 , h ϩ ) transition as proposed by Chung et al. 19 Other transition mechanisms, including donor-acceptor-pair ͑DAP͒ recombination and the recombination between the free electrons and neutral acceptors, are unlikely as discussed previously. 24 For the (D 0 , h ϩ ) transition, the emitted energy is hϭE g ϪE D at low excitation intensities at 0 K. From the energy position of the emission line ͑3.420 eV͒ and the energy gap E g of GaN at low temperatures of about 3.503 eV, 20, 28 we obtain a binding energy of E D ϭ83 meV for the substitutional donors in GaN. Our results obtained for the two samples investigated here indicate that the presence of substitutional donor impurities has very little correlation with the high room temperature free carrier concentration observed in GaN, given the fact that the donor impurity related emission near 3.420 eV is very weak in sample A, although the room temperature free carrier concentration in sample A is higher than that in sample B ͑see Table I͒ . This interpretation is also consistent with the fact that the binding energy of the substitutional donor impurities observed here is much larger than a value of about 30 meV ͑Ref. 28͒ for the N vacancies which are responsible for the high native donor defect concentration in GaN.
Several features can be observed from Fig. 3 . For the I 2 transition, both the peak position and FWHM are independent of excitation intensity. The sharpest feature in Fig. 3 is the relative intensity ratio of the I 2 to the (D 0 , h ϩ ) emission line. The I 2 transition is the dominant emission line at low excitation intensities. As excitation intensity increases ͑D decreases͒, the relative emission intensity of the (D 0 , h ϩ ) transition increases. At Dϭ0, the emission intensity of the (D 0 , h ϩ ) transition is almost an order of magnitude higher than that of the I 2 transition. We want to indicate that the absolute emission intensities for both of these emission lines increase with an increase of excitation intensity. This is illustrated in Fig. 4 , which shows a semilogarithmic plot of the integrated photoluminescence intensities of the I 2 and the (D 0 , h ϩ ) emission lines observed in sample B as functions of the excitation intensity attenuated parameter D. We see that the luminescence intensities of both emission lines increase approximately linearly with excitation intensity. However, the intensity increase rate for the (D 0 , h ϩ ) transition is larger than that for the I 2 transition. The inset shows the spectral peak positions of the (D 0 , h ϩ ) emission line, E p , as a function of D, which indicates that E p increases with excitation intensity. A total shift of about 5 meV is observed when the excitation intensity is changed by 3 orders of magnitude. This is expected for the band-to-impurity transition, which involves the participation of free holes. As the excita- tion intensity increases, the free hole concentration and hence the quasi-Fermi level of the free holes also increase, which will result in a spectral peak position shift to higher energies. [29] [30] [31] On the other hand, the peak position is also expected to shift toward lower energies as the delay time increases due to the decrease of the free hole concentration or the quasi-Fermi level, which will be discussed later. Figure 5 shows the luminescence emission spectra of sample B obtained at three representative temperatures. The absolute emission intensities for all emission lines shown in Fig. 5 decrease with increasing temperature. However, the relative intensity ratio of the I 2 to the (D 0 , h ϩ ) emission line increases with an increase of temperature. At temperatures above 100 K, the integrated intensity of the I 2 line actually decreases more rapidly with temperature than the (D 0 , h ϩ ) line. In Fig. 6 , we have plotted in a semilogarithmic scale the integrated intensity of ͑a͒ the I 2 and ͑b͒ the (D 0 , h ϩ ) emission lines versus the reciprocal of temperature ͑Arrhenius plot͒, which shows a steeper slope for the I 2 transition at above 100 K. At the high temperature region, both the I 2 and (D 0 , h ϩ ) emission intensities show an activated behavior.
The spectral peak positions of the three observed emission lines shown in Fig. 5 all shift toward lower energies as temperature increases. For a clear presentation, we have plotted in Fig. 7 the temperature dependencies of the spectral peak positions for these three emission lines. The emission line at about 3.34 eV ͑when Tϭ10 K͒ disappears at temperatures above 150 K. The temperature dependence of the I 2 emission line is identical to that observed in sample A and can be described by the energy gap variation with temperature. In sharp contrast, the (D 0 , h ϩ ) and the third emission lines at around 3.34 eV do not follow the variation of the band gap with temperature. As a result, the spectral peak separation between the I 2 and the (D 0 , h ϩ ) emission lines, ⌬E, decreases monotonically with temperature, as Fig. 8 illustrates. The inset of Fig. 8 shows the spectral peak separation between the (D 0 , h ϩ ) and the third emission lines, ␦E, which is a constant throughout the investigated temperature range, which seems to suggest that the (D 0 , h ϩ ) and the third emission lines are of the same physical origin, i.e., the 3.338 eV line is either a phonon replica of the (D 0 , h ϩ ) emission line or another (D 0 , h ϩ ) transition. However, ␦E is about 75 meV, which is different from the currently accepted values of the LO phonon energy of 92 meV and the TO phonon energy of 70 meV. This seems to suggest that the 3.338 eV line is due to another (D 0 , h ϩ ) transition. Timeresolved measurements seem to indicate that the 3.338 eV emission line may have a longer recombination lifetime. However, due to the presence of the broadbands resulting from the DAP recombination at the low energy side, we are unable to comment on whether the two emission lines at 3.420 and 3.338 eV have the same or different dynamical behaviors from time-resolved measurements. Further investigation is needed to identify the origin of the 3.338 eV emission line.
The properties of the band-to-impurity transitions, (D 0 , h ϩ ) and (A 0 , e Ϫ ), in CdS have been studied previously by Colbow. 29 The temperature dependence of the spectral peak position of the (D 0 , h ϩ ) transition can be written as where E G and E D are energy gap and donor binding energy, respectively. The third term, kT, in Eq. ͑4͒ is due to the kinetic energy and the energy dependence of the transition probability of free holes in bulk materials. The peak energy position of the I 2 transition is
where E x and E bx are the binding energies of free exciton and donor-bound exciton, respectively. Thus from Eqs. ͑4͒ and ͑5͒, the temperature dependence of the spectral peak separation between the I 2 and the (D 0 , h ϩ ) transition lines, ⌬E, can be written as
which shows that ⌬E decreases linearly with temperature with the slope being the Boltzmann constant k since E D , E bx , and E x are independent of temperature. Equation ͑6͒ also indicates that ⌬EϭE D ϪE x ϪE bx at Tϭ0 K. By extrapolating the data points in Fig. 8 to 0 K, we obtain a value for ⌬E of 58.7 meV at Tϭ0 K. On the other hand, by taking the binding energy of D 0 to be 83 meV as obtained from Fig. 3 and the binding energies of free exciton ͑E x ) and donor-bound exciton (E bx ), respectively, to be 19 and 7 meV as obtained for other superior quality GaN layers deposited by the most recent MBE and MOCVD techniques, 21, 22 we obtain a value of ⌬E of 57 meV at 0 K. The consistency in ⌬E obtained by the two different measurements provides additional solid evidence for the assignment of the 3.420 eV emission line as a band-to-impurity transition. Since the ͑A 0 , e Ϫ ) transition can be excluded by considering the energy position of the emission line, the emission line near 3.42 eV can be conclusively assigned to the ͑D 0 , h ϩ ) transition. However, the slope of the spectral peak separation ͑⌬E͒ versus temperature plot shown in Fig. 8 is not k, instead it is close to 0.5 k. One of the possible causes is the twodimensional ͑2D͒ motion of free holes in the epitaxial layer instead of uniform three-dimensional ͑3D͒ motion in bulk martials. We have repeated Colbow's calculation for the ͑D 0 , h ϩ ) transition by considering both 2D and 3D motions and we obtain an expression for its peak position as
where ␣ϭ0.5 and 1 for the 2D layer and 3D bulk materials, respectively. From this, we thus have,
The slope obtained from the least-squares fit between data points in Fig. 8 and Eq. ͑8͒ is 0.58 k, which indicates that the ͑D 0 , h ϩ ) transition observed in the epitaxial layer is different from that in the bulk. Our results show that the motion of free holes is mainly constrained in the plane of the epitaxial layer at temperatures below 140 K. However, the free hole motion along the z axis ͑growth direction͒ is not completely precluded, which shows up as ␣ being slightly larger than 0.5. B. Time-resolved photoluminescence spectra and recombination dynamics
Time-resolved emission spectra
Time-resolved emission spectroscopy has been employed to study the dynamics of the I 2 and the band-toimpurity transitions. We find that the recombination lifetime of the I 2 transition is about 0.1 ns in the samples investigated here. Due to high impurity concentrations, its systematic dependence on temperature and excitation intensity cannot be obtained in these samples. We concentrate our time-resolved luminescence study on the ͑D 0 , h ϩ ) transition in sample B. Figure 9 shows a semilogarithmic plot of the temporal response of the ͑D 0 , h ϩ ) transition measured near its peak position at Tϭ10 K. The system response to the laser pulses ͑7 ps͒ has been indicated as ''system,'' which was used for the deconvolution of raw data. The wiggling line is the experimental data, while the solid line is the least-squares fit of single exponential decay with the deconvolution of system response. The residual of the least-squares fit is also included in the bottom of Fig. 9 . As we can see, the decay of the ͑D 0 , h ϩ ) transition in GaN is a single exponential, I(t) ϭI 0 e Ϫt/ , with being the recombination lifetime. We have measured the luminescence temporal responses such as that shown in Fig. 9 at different emission energies covering the entire emission band ͑see Fig. 11͒ as well as at different temperatures from 10 to 150 K ͑see Fig. 12͒ . In all cases, the decay of the luminescence is single exponential. Figure 10 shows the time-resolved emission spectra of the ͑D 0 , h ϩ ) transition measured at Tϭ10 K for several representative delay times. Here, the delay time tϭ0 has been chosen at the positions of maximum intensity in the luminescence temporal responses such as that shown in Fig.  9 . The arrows in Fig. 10 indicate the spectral peak positions at different delay times. Several features can be observed from Fig. 10 . First, the peak positions of the emission line shift toward lower energies with an increase of delay time. Second, the linewidth of the emission band also increases with delay time. Third, the luminescence decays faster at higher emission energies than at lower emission energies, which is due to the nature of this transition line as discussed previously. 24 
Recombination lifetimes
The emission energy dependence of the recombination lifetime for the ͑D 0 , h ϩ ) emission line is depicted in Fig. 11 which shows that the lifetime ͑͒ is of the order of subnanoseconds and decreases with an increase of emission energy. From Fig. 11 , the upper limit value of the radiative recombination lifetime of the ͑D 0 , h ϩ ) transition associated with substitutional donor impurities is about 1 ns at 10 K in GaN, which is shorter than the typical lifetime of the order of several nanoseconds for this type of transition in better studied materials such as doped GaAs. 31 If the ͑D 0 , h ϩ ) emission line involves only a single impurity energy level, the dependence of the recombination lifetime on emission energy is not expected. The results obtained here clearly indicate that the binding energy E D of the donor involved for the ͑D 0 , h ϩ ) transition has a distribution. The behavior observed here is most likely due to the binding energy dependence of the radiative recombination rate, i.e., the behavior of ͑E͒ is associated with the distribution of the donor binding energy, E D . By assuming shallow, discrete, and nonoverlapping impurities, the maximum transition probabilities for the ͑D 0 , h ϩ ) transitions at 0 K have been calculated previously, 30, 31 which showed that the radiative recombination lifetime of a band-to-impurity transition depends on E D and can be described by, ϰE D 3/2 ϰ(E g Ϫh)
, with h being the emission energy E. Experimentally observed emission energy dependence of the recombination lifetime of the ͑D 0 , h ϩ ) transition measured in the entire emission band can be described well by
as shown by the solid curve in Fig. 11 , where the fitted values for E 0 and A are 3.454 eV and 68.9 ns/eV 1.5
, respectively. The reason for the difference between the fitted value of E 0 and E g is not clear at this stage.
The temperature dependence of the recombination lifetime of the ͑D 0 , h ϩ ) transition has also been measured in the temperature range between 10 and 150 K at their corresponding emission peak positions and Fig. 12 shows the result. At temperatures below 50 or above 120 K, the lifetime is independent of temperature, suggesting very efficient radiative recombination at low temperatures, in agreement with the results of Fig. 4 . However, a strong temperature dependent lifetime is observed in the temperature range between 50 and 100 K. changed rapidly in this temperature region and varied from 0.63 to about 0.3 ns.
This behavior can be accounted for by an increased nonradiative recombination rate at a higher temperature. The temperature dependence of the nonradiative decay rate can be described by ␥ non ϭ␥ 0 exp(ϪE 0 /kT), where ␥ 0 and E 0 are the nonradiative decay rate at the limit of T→ϱ and the activation energy of the nonradiative process of the ͑D 0 , h ϩ ) transition. If we further assume that the radiative recombination rate, ␥ r , of the ͑D 0 , h ϩ ) transition is independently of or weakly dependent on temperature, then the measured recombination lifetime of the ͑D 0 , h ϩ ) transition is described by
has been used to fit experimentally measured as shown in Fig. 12 and cannot fit the data. Instead, in the entire temperature range investigated here, the measured recombination lifetime can be fitted very well by the form ϭ͓␥ r ϩ␥ 0 exp͑ϪE 0 /kT͔͒ Ϫ1 ϩC, ͑11͒
as shown as the solid curve in Fig. 12 . The fitted values are ␥ r ϭ2.9 ns
Ϫ1
, ␥ 0 ϭ2.9ϫ10 5 ns
, and E 0 ϭ78.5 meV. This behavior seems to suggest that at temperatures above 50 K, the total lifetime is determined by both radiative and nonradiative recombination. The activation energy E 0 obtained here is very close to the binding energy of the donor, E D ϭ83 meV, which implies that the nonradiative process of the ͑D 0 , h ϩ ) transition is caused by thermal dissociation of D 0 . This is also consistent with the result of thermal quenching of the ͑D 0 , h ϩ ) emission intensity shown in Fig. 6 . The fitted value of C is 0.3 ns. This constant term of 0.3 ns in Eq. ͑11͒ is a little difficult to justify. The best explanation we have in this stage is that it may be related to carrier transformation from other recombination channels, by such processes as the decay of the bound-exciton ͑I 2 ) into the ͑D 0 , h ϩ ) recombination channel. If this is the case, the decay of the ͑D 0 , h ϩ ) transition will be determined by this transfer time at high temperatures if this time is the longest among the radiative and nonradiative recombination lifetimes and the transfer time. A value of 0.3 ns is reasonable for this transfer process.
IV. CONCLUSIONS
In conclusion, we have studied photoluminescence properties near the band-edge under different conditions for n-type GaN epitaxial layers grown by plasma assisted MBE. For the sample grown at a lower growth rate, an emission line of about 83 meV below the band gap has been observed in addition to the well-known neutral-donor-bound exciton ͑I 2 ) transition. This emission line has been assigned to the ͑D 0 , h ϩ ) transition associated with the presence of substitutional donor impurities. The temperature dependence of the peak position has confirmed such an assignment. Timeresolved emission spectroscopy has also been employed to study the carrier dynamics of this transition. The decay of this emission line is found to be exponential with lifetimes on the subnanosecond scale. The emission energy and tem- FIG. 9 . The semilogarithmic plot of the temporal response of the band-toimpurity emission line in sample B measured near its peak position at Tϭ10 K. The instrument response to laser pulses ͑7 ps width͒ is indicated as ''system'' and the wiggling line is the experimental data. The solid line is the least-squares fit using a single exponential decay with the deconvolution of the instrumental response. The residues of the least-squares fit are also included in the bottom. The excitation photon energy was 4.260 eV. perature dependencies of the recombination lifetime have been measured. Our results indicate that the binding energy of the donor impurities has a distribution. Additionally, the absence of the ͑D 0 , h ϩ ) emission line in the sample with a higher room temperature free carrier concentration indicates that the possibility of substitutional donor impurities being responsible for high free carrier concentrations in GaN can be precluded. Our results also show that the motion of free holes in epitaxial layers is restricted mostly in the growth plane at temperatures below 140 K, which would modify an existing theory for the band-to-impurity transitions in bulk materials. FIG. 12 . The temperature dependence of the recombination lifetime of the ͑D 0 , h ϩ ) emission line in sample B measured at spectral peak positions. The solid line is the least-squares fit of experimental data by using Eq. ͑11͒.
